Background Coronal alignment may impact clinical outcome and survivorship in TKA. Patient-specific instrumentation has been developed to restore mechanical or kinematic axis and potentially reduce component malpositioning. Although it is clear these instruments add cost, it is unclear whether they improve alignment. Questions/purposes We determined whether the mean coronal alignment after TKA performed with conventional versus patient-specific instrumentation better restored the mechanical and kinematic axes and whether there were more outliers with one of the two methods. Methods We retrospectively evaluated 150 primary TKAs performed for osteoarthritis: Group 1 (n = 50) conventional instrumentation; Group 2 (n = 50) patientspecific instrumentation restoring the mechanical axis; Group 3 (n = 50) patient-specific instrumentation restoring the kinematic axis, and measured femorotibial angle, hipknee-ankle angle, and the zone of the mechanical axis from scout CT images taken 0 to 6 weeks postoperatively.
Introduction
Variability in limb and knee alignment is an issue in TKA. Short term, limb and knee malalignment might be related to persistent pain, stiffness, instability, and dissatisfaction [8, 28] . Long term, malalignment might increase the risk of loosening, instability, wear, and osteolysis [1-3, 6, 9, 18, 20, 24, 30-32] . After a decade of clinical use, computerassisted navigation has resulted in improved alignment but has not eliminated outliers and has not improved the clinical outcome [4, 7, 26, 35] . One recent alternative has been the development of patient-specific instrumentation using MRI or CT imaging to generate patient-specific guides that can be used intraoperatively to control all six degrees of freedom of component alignment, which also controls limb and knee alignment.
The goals of the patient-specific instrumentation technology are to customize disposable blocks unique to each patient's anatomy in an attempt to increase accuracy of the bone preparation and eliminate outliers of component malpositioning. There are several commercially available patient-specific guides on the market using one of two basic alignment goals based on either (1) restoring the mechanical alignment [1, 18, 23, 24, 32, 34] , or (2) restoring the kinematic alignment [11-13, 15, 16] . In the mechanical axis model, the goals of component placement are perpendicular to the mechanical axis of the tibia and parallel to the epicondylar axis of the femur (distal femoral resection in 5°to 8°valgus) [1, 18, 23, 24, 32, 34] . The historical precedent for coronal alignment after TKA originally was supported by John Insall [17] , who believed restoration of alignment of the mechanical axis of the lower extremity should be through the center of the knee. In the kinematic model, the surgeon aligns components with the flexion-extension axis of the femur, which passes through the center of the medial and lateral condyles [16] and deviates from the epicondylar axis by an average of 5°and as much as 11° [11] [12] [13] 15] . Kinematic alignment was developed with the goal of improving patients' clinical outcomes by restoring the prearthritic alignment of the limb and knee and not releasing the collateral or retinacular ligaments [5] .
Several studies have compared limb and knee alignment of mechanically and kinematically aligned patient-specific instrumentation with conventional instrumentation [22, 33] . These studies are limited to small sample size and limited radiographic analysis and neither compared coronal alignment with patient-specific instrumentation based on the mechanical and kinematic axes.
We therefore determined whether the mean coronal alignment after TKA performed with conventional versus patient-specific instrumentation better restored the mechanical and kinematic axes and whether there were more outliers with one of the two methods.
Patients and Methods
We retrospectively reviewed 150 patients with osteoarthritis who had a primary TKA performed using the same cruciate-retaining cemented total knee system (Vanguard TM ; Biomet Inc, Warsaw, IN, USA) between January 2009 and September 2010. These 150 patients were selected from those who had a total of 285 primary TKAs performed during the study period meeting the inclusion and exclusion criteria and who had a full series of adequate radiographs. We included only patients with primary osteoarthritis with or without prior open or arthroscopic meniscectomy. We excluded patients with previous fractures of the femoral condyles, tibia plateau, or femoral/ tibial shaft and patients with previous osteotomy around the knee. Patients with a pacemaker (owing to their inability to have MRI) and patients with metal around the knee (owing to potential metallic artifact) also were excluded. We established three cohorts of patients for comparison by choosing an unselected group of consecutive patients who had primary TKA and a scout CT scan on the day of discharge or within 6 weeks of surgery. Scans met criteria for being of sufficient quality for an accurate reading (had to include entire femoral head, entire ankle, and the femoral component flange had to be centered on the ovals of the posterior condyle).
In Group 1 (n = 50), we used conventional instrumentation and the distal femur was prepared with an intramedullary rod using a 5°-valgus resection cut. The proximal tibia was prepared with an extramedullary cutting jig perpendicular to the mechanical axis of the tibia. In Group 2 (n = 50) we used the patient-specific Signature TM system (Biomet Inc) based on restoring the mechanical axis. In Group 3 (n = 50) we used the patient-specific OtisMed TM system (OtisMed Corp, Alameda, CA, USA) based on shape matching to restore the kinematic axis.
In Group 2, each patient had preoperative MRI using the Signature TM system manufacturing protocol, which uses 1-mm high-resolution slices at the knee and selected 5-mm spot images at the hip and ankle to allow the engineers to derive the mechanical axis and correct for rotation of the extremity. In all of these cases, the surgeon's predetermined default settings were used to construct the disposable patient-specific blocks. The default settings for the femoral preparation incorporated a 9-mm posterior resection measured from the cartilage, a 9-mm medial distal resection measured from the bone, and the femoral rotation was set at 0°parallel to the transepicondylar axis. The default settings for the tibial preparation were perpendicular to the tibial mechanical axis (0°varus/valgus), 12 mm below the lateral plateau high point, and 2°posterior slope.
In Group 3 each patient had preoperative MRI using the OtisMed TM system manufacturing protocol, which used 2-mm high resolution slices localized to the knee only and included a 16-cm field of view centered on the joint line, which is similar to using a short knee radiograph for preoperative surgical templating. The alignment of the coronal and axial plane was perpendicular to the corticocancellous junction of the distal femur and posterior femur, respectively. Using proprietary software, the arthritic knee was reconstructed by filling articular defects, removing osteophytes, and approximating the joint surface to its prearthritic natural alignment, and not the mechanical alignment. The proprietary software then shape matched the femoral and tibial components to the reconstructed natural knee model to align the flexion-extension rotation axis and then the corresponding patient-specific disposable cutting guides are manufactured to fit the arthritic knee.
One surgeon (RLB) performed all of the TKAs for Groups 1 and 2, whereas a different surgeon (SMH) performed all of the TKAs in Group 3. Both surgeons had experience with patient-specific instrumentation before the start of this study and we did not include any of their early cases during the learning curve for this new technology. In accordance with standard protocol for both surgeons, all patients had a postoperative coronal CT scanogram with a field of view from the hip to the ankle ( Fig. 1 ). To minimize projection errors and standardize radiographic measurements, the leg was internally or externally rotated until the two augment holes on the posterior condyles of the femoral component were partially visible on either side of the anterior flange of the femoral component to control for rotation at the time of the scout CT scan (Fig. 2 ).
Two reviewers (JZ and BMW) blinded to the surgical method performed the following three radiographic measurements on the AP projection of each CT scanogram [29] : (1) femorotibial angle (FTA), which was the angle formed by a line that bisected the distal fourth of the femur and a line that bisected the proximal fourth of the tibia (Fig. 3); (2) hip-knee-ankle angle (HKA), which was the angle formed by the mechanical axis of the femur (line between the center of the femoral head and the center of the knee) and the mechanical axis of the tibia (line between the center of the ankle and the center of the knee) ( Fig. 4) ; and (3) zone of mechanical axis (ZMA), which was the zone of the tibial base plate (divided into five equal regions) where the mechanical axis of the limb (straight line from the center of the femoral head to the center of the ankle) intersected the tibial base plate ( Fig. 5 ). Valgus angular values were ascribed a negative value (À), whereas varus angular values were ascribed a positive value (+). Measurements denoting lateral displacement from the center point of the tibial plateau were ascribed a positive value (+), whereas measurements indicating a medial distance from the center of the tibial plateau were considered negative (À). In this study, the accepted values for normal or in-range alignment were: (1) 2°to 8°valgus for FTA [1, 14, 25, 32, 34] ; (2) 0°± 3°varus/valgus for HKA [2, 3, 18, 19, 23] ; and (3) the central zone for ZMA [25, 27, 30, 36] . We determined interrater reliability by calculating the intraclass correlation coefficient (ICC) using a two-way Fig. 1 A CT scout image with a field of view from the hip to the ankle was used to make measurements for this study and was adjusted to correct for rotation. We used a single-factor ANOVA and Tukey's post hoc test to determine whether the FTA and HKA differed between the three surgical techniques. Fisher's exact test was used to determine whether the percentage of in-range, varus, and valgus outliers of the FTA, HKA, and ZMA differed between the three surgical techniques. Statistical analyses were performed using SPSS for Windows, version 20 (SPSS Inc, Chicago, IL, USA).
Results
The mean coronal alignment measurements for all three groups assessed by the FTA and HKA angles fell within the accepted ranges for these measurements. The mean FTA in Group 1 (À3.21°; 95% CI, À2.42°to À3.99°) was more varus than Group 2 (À4.75°; 95% CI, À3.97°to À5.54°) (p = 0.03), and Groups 1 and 2 were less valgus than Group 3 (À6.30°; 95% CI, À5.51°to À7.09°) (p = 0.043) (Fig. 6 ). The mean HKA in Group 1 (0.08°; 95% CI, Fig. 3 The femorotibial angle (FTA) angle measurement between the anatomic axis of the femur and the anatomic axis of the tibia was used to measure coronal alignment on a short image. Fig. 4 The hip-knee-ankle (HKA) angle measurement between the mechanical axis of the femur (line between the center of the femoral head and the center of knee) and mechanical axis of the tibia (line between the center of the ankle and the center of the knee) was used to measure coronal alignment on a full-length image. À0.61°to 0.78°) was similar to that of Group 2 (À0.65°; 95% CI, À1.35°to 0.04°) (p = 0.47), however Groups 1 and 2 were in less valgus than Group 3 (À2.76°; 95% CI, À3.46°to À2.06°) (p = 0.0002 and p = 0.0061, respectively) (Fig. 7) . The ZMA intersected with the central zone of the tibial base plate in 60% of Group 1, 68% of Group 2, and 36% of Group 3 ( Table 1 ). The ZMA was aligned through the second zone (mild varus) for 18% of Group 1, 12% of Group 2, and 6% of Group 3. The ZMA was through the third zone (mild valgus) for 22% of Group 1, 20% of Group 2, and 48% of Group 3. None of the patients in Groups 1 and 2 had alignment in Zone 4 (moderate valgus), but 10% of Group 3 had alignment through this zone ( Table 2 ). The mechanical axis was never aligned in moderate or severe varus (Zones 0 or 1) or severe valgus (Zone 5) for any patients in all three groups.
We found coronal alignment outliers in all three groups and no reduction in the number of outliers using the patient-specific instrumentation when compared with conventional instrumentation. The total numbers of outliers for FTA were similar among the three groups (Table 1) , but the prevalence of varus outliers was greatest in Group 1 (14 patients, 28%), and the prevalence of valgus outliers was greatest Group 3 (11 patients, 22%) ( Table 2 ). The total numbers of outliers for HKA were similar between Group 1 (five varus and three valgus) and Group 2 (three varus and six valgus) (p = 1.0). Group 3 had 22 outliers (two varus and 20 valgus) which was more than Group 1 (p = 0.0041) and Group 2 (p = 0.0089) ( Table 2) . For the ZMA, we found no difference in the numbers of outliers between Groups 1 and 2 (p = 0.638), but there were differences between Groups 1 and 3 (p = 0.0012) and Groups 2 and 3 Fig. 6 The graph shows one-way analysis of the femorotibial angle (FTA) by group, depicting the variation in coronal alignment between the three groups and the number of varus and valgus outliers outside the accepted range of À2°to À8°. The diamonds indicate the 95% confidence interval for each group. Fig. 7 The graph shows one-way analysis of the hip-knee-ankle (HKA) angle by group, depicting the variation in coronal alignment between the three groups and the number of varus and valgus outliers outside the accepted range of 3°to À3°. The diamonds indicate the 95% confidence interval for each group. (p = 0.0008) in favor of Groups 1 and 2 having a higher percentage of patients with mechanical alignment through the central zone of the tibial base plate compared with Group 3. In Group 3 there were 32 outlier patients (64%) and of these, 29 had valgus alignment ( Table 2) .
Discussion
There is interest in the effect of coronal limb and knee alignment on clinical outcomes and survivorship after TKA. Despite improvements in conventional instrumentation and the use of intraoperative computer navigation technology, variability in component alignment still exists and a percentage of patients continue to experience pain, stiffness, and decreased ROM after TKA [28] . Patientspecific custom guides are relatively new and have several proposed advantages over conventional instrumentation, including improved component accuracy and elimination of outliers. Patient-specific instrumentation can be engineered to restore the knee alignment to either the mechanical axis or the kinematic alignment. Several studies [22, 33] have been published comparing kinematically aligned patient-specific instrumentation with conventional instrumentation, but these studies have been limited by small sample size, limited radiographic analysis, or lack of a comparable control group. There are no published studies comparing patient-specific instrumentation based on the mechanical axis versus conventional instrumentation. The objectives of our study were to compare postoperative coronal alignment after primary TKA performed using either conventional instrumentation or patient-specific instrumentation based on either the mechanical axis or kinematic axis. Our study has several limitations. First, we had two separate, but experienced, total joint surgeons contributing patients for this study and we could not control for patient selection and referral patterns; therefore, there might have been some selection bias. These two surgeons are experienced and perform a high volume of primary TKAs per year and therefore their low number of outliers in this study might not be applicable to all surgeons performing primary TKAs using conventional instrumentation. Second, the patient-specific cutting guides used for Groups 2 and 3 were manufactured by different companies and used different MRI protocols. Although neither surgeon reported experiencing any difficulty seating the guides on the bone, the two companies might have different degrees of variability inherent in their software analysis programs, rapid prototyping technology, and the intraoperative tolerances of their blocks to lock securely onto the bone, which might have introduced some subtle variances into the final component alignment. It also is not unexpected that there were a greater number of outliers in Group 3 as this system uses only MRI of the knee and not the hip or ankle and attempts to restore the limb and knee to its prearthritic kinematic alignment and not a neutral mechanical axis, which exists in only 2% of the healthy population [13] . Third, this study assessed only two patient-specific instrumentation designs and our findings might not be applicable to all the other patient-specific designs that currently are commercially available. There are inherent advantages and disadvantages to using CT versus MRI when creating these custom guides. MRI is more accurate for assessing cartilage thickness but is more expensive and time consuming than using CT which is faster but exposes the patient to radiation. Fourth, we did not perform a power analysis before starting this study as it was designed as a pilot study to evaluate and provisionally compare these new types of patient-specific instrumentation, but we currently are enrolling patients in a randomized prospective study on a larger scale. Fifth, the results from this study are limited to the coronal plane and do not take into account component positioning on the lateral view. In addition, we could not assess for rotational alignment, which may play a major role in long-term survivorship of total knee implants. Last, we do not report on clinical outcomes such as pain, stiffness, ROM, patient satisfaction, or outcome scoring systems, which may limit the true clinical relevance of the findings in this study. Despite the fact that patient-specific instrumentation has been commercially available for several years, little has been published on this new technology [16, 21, 22, 33] . Three of these articles focused on the results of patient-specific instrumentation based on the kinematic alignment model [16, 21, 33] . One study [21] reported on four TKAs performed using kinematic-based patient-specific instrumentation and found intraoperatively that the tibial components were between 3°valgus and 7°varus, but long radiographs were not taken, so overall alignment was not evaluated. In another study [33] , the authors reported on 21 consecutive patients who had a TKA performed with patientspecific instrumentation based on the kinematic axis. They found the mean coronal alignment in this group was 1.2°v arus ± 2.4°(range, 6°valgus to 4°varus) but they had no control group for comparison so they compared their results with results of previous studies reporting on coronal alignment between computer-assisted and conventional TKAs. No articles to date have compared coronal alignment measurements between patient-specific cutting blocks using the mechanical alignment design and the kinematic alignment design. We found patients who had TKAs and were treated with the guides based on the kinematic axis had a similar total number of outliers for the FTA measurement as the conventional and mechanical axes groups, but all of the these patients had valgus outliers, which is not unexpected as these guides are specifically created to restore the knee to its prearthritic alignment and not to neutral mechanical alignment. Fang et al. [14] measured the FTA angle on 6070 TKAs and found slightly better clinical survivorship and a lower revision rate in their patients with valgus outliers (97% survivorship, 1.5% revision rate) than their patients with varus outliers (95% survivorship, 1.8% revision rate). We also found that patients treated with guides based on the kinematic axis had an increased number of valgus outliers in the HKA measurement group compared with the other two groups. In a study of factors associated with polyethylene wear after TKA, Collier et al. [10] performed a regression analysis and found that only three factors were associated with increased wear in the medial compartment: shelf age of the liner, age of the patient, and postoperative varus alignment on the HKA measurement. Furthermore, another study looking at coronal alignment using the HKA angle between 0°± 3°and assessing survivorship of outliers found that this measurement may be less predictable than previously believed in determining long-term survivorship of modern TKA prostheses.
We designed our study to compare postoperative coronal alignment measurements after primary TKA performed using either conventional instrumentation or patientspecific instrumentation by high-volume experienced knee surgeons. We also aimed to evaluate and compare coronal alignment achieved by the two different types of patient-specific instrument designs (mechanical axis or kinematic axis). Our data suggest there are no differences in coronal alignment between TKAs performed with patient-specific instrumentation based on restoring the mechanical axis over those performed with conventional instrumentation. TKAs performed with patient-specific instrumentation based on restoring the kinematic axis had a substantial number of valgus outliers. Future randomized controlled trials are needed to help critically evaluate clinical function and survivorship between these different types of surgical instrumentation to determine if there are important differences in patients' clinical and functional outcomes not related to the coronal alignment to support this more expensive technology for use in routine TKAs.
